Short microtubule seeds are constructed using heavily rhodamine-labeled tubulin. Polymerisation o ff the ends of these seeds is initiated using a mixture of 1:10 labeled and unlabeled tubulin, so that the new polymerisation is only dimly labeled. This is done in the presence o f NEM tubulin, which inhibits growth from the microtubule minus ends. The polaritymarked microtubules are fixed at a desired length by adding taxol.
Introduction
Since the original discovery of kinesin as a plus-end directed microtubule-based motor, there has been an explosion in the discovery of other microtubule-based motors. Microtubules are polar structures, with 'plus' and 'minus' ends, and different motors can be either plus-end directed, like kinesin (Vale et al. 1985) , or minus-end directed, like dynein (Paschal etal. 1987) . Prospective motors may be identified by amino acid sequence simi larity (Endow etal. 1990; Enos and Morris, 1990; Mc Donald and Goldstein, 1990; Meluh and Rose, 1990) , so it is essential to have a fast and reliable assay for the polarity of newly discovered microtubule-based motors, in order to understand their physiological function. Previously a number of methods have been used to determine polarity. Centrosomes, which nucleate microtubules with a defined polarity, were used to demonstrate the polarity of kinesinbased movement in a bead assay (Vale et al. 1985) . One can also visualize the gliding of microtubules on a motorbound substrate, using transmitted light techniques such as dark-field or differential interference contrast mi croscopy, to follow the movement of microtubules which have been nucleated by structures such as isolated axoneme fragments or sperm heads with attached axonemes (Yang etal. 1988) . However, because of the possi bility of contamination by axonemal microtubule motors in these assays, it would be useful to have a simple assay in which the polarity of movement could be followed using single microtubules polymerized from pure tubulin. In this paper, I describe methods of preparing polarity-marked microtubules which can be seen by fluorescence. Fluor escence has the advantage that (1) it is easy to extend existing fluorescent-labeling techniques (Hyman etal. 1990 ) to prepare marked microtubules, and (2) fluor escence can be used in situations where cytoplasmic Journal o f Cell Science, Supplement 14, 125-127 (1991) Printed in Great Britain © The Company of Biologists Limited 1991 components might obscure resolution in transmitted light microscopy (Belmont et al. 1990 ).
Preparation of labeled microtubules
Briefly, the strategy for making polarity-marked micro tubules is shown in Fig. 1 and is as follows: short microtubule seeds are constructed by polymerizing hea vily rhodamine-labeled tubulin (Hyman et al. 1990) , and these brightly labeled microtubules are then diluted into a mixture of rhodamine and unlabeled tubulin so that new polymerization from seeds has a much dimmer fluor escence. These microtubules are then stabilized with taxol. Plus and minus ends are identified as described below.
Short, brightly labeled microtubules can be prepared in two ways. (1) Stable seeds can be made by polymerizing tubulin with a non-hydrolyzable analogue of GTP, GMPCPP (Hyman et al. 1990) . These have the advantage of rapid nucleation, using up all tubulin monomer and providing short microtubules of a fairly uniform length. Unfortunately, currently there is no available commercial source of GMPCPP. As an alternative, seeds polymerized with GTP can be stabilized by chemical cross-linking (Koshland etal. 1988) . (2) Alternatively, one can use standard short microtubules as seeds. These are prepared by polymerizing 8 mg ml-1 rhodamine-labeled tubulin in BRB80 (80 m M K-Pipes, 1 h i m GTP, 1 m M MgCl2, pH 6.8)+ 4 m M MgCl2+40% glycerol, for 5min. The highly labeled seeds are then diluted into a mixture of unlabeled and labeled tubulin monomer. This mixture is prepared at a 10:1 molar ratio of unlabeled to labeled tubulin. Polarity is identified by including NEM-treated tubulin in the assembly mixture, which prevents assembly from microtubule minus ends (Hyman et al. 1990) . NEMtubulin is included in the monomer mixture at a molar ratio of 0.7:1.0 (NEM-tubulin:untreated tubulin). The mixture is then spun at 30 psi in the airfuge at 4°C for 5 min and frozen in aliquots in liquid nitrogen. Just prior to use, the aliquot is thawed and kept at 4°C. Care should be taken to ensure that the tubulin does not go above 4°C at this stage, or more of the tubulin will be inactivated. This becomes a problem because the unpolymerized, dead tubulin increases background fluorescence in the assay. The tubulin aliquot is diluted into BRB80+1 mM GTP to a final concentration of 15 hm, and transfered to 37 °C for lm in. After lm in, seeds are diluted into the tubulin aliquot at a 1:5 ratio. Under these conditions, micro tubules will now polymerize only from the ends of pre existing microtubules and not spontaneously (Mitchison and Kirschner, 1984; Mitchison, 1984) . The microtubules are allowed to polymerize until they reach a desired length, generally about 15 min. The longer they are polymerized, the less free rhodamine-tubulin remains. The microtubules are then stabilized by adding three volumes of BRB80+10 ¿avr taxol and pre-warmed to 37 °C, taking care to avoid shear. The microtubules can now be used in the assay. To remove any remaining free rhodamine-tubulin monomer, microtubules can be spun and washed in the airfuge, if desired.
Visualization of marked microtubules in motor polarity a ssa ys
The major disadvantage of fluorescence is that it bleaches rapidly, generally within 10 s. In addition, microtubules will break upon observation with sufficiently high illumi nation (Vigers et al. 1988) . To prevent photobleaching we use the oxygen scavenging system developed for the observation of single actin filaments (Kishino and Yanigida, 1988). In the motility buffer to be used, are added, O .lm gm l-1 catalase, 0.03 mg ml-1 glucose oxidase, 10mM glucose, and 0 . 3 % 2-mercaptoethanol. Glucose oxidase contains a chromophore and will therefore tend to quench the fluorescence at high concentrations. With this system, microtubules have been successfully recorded for 10 min under full mercury illumination, and even when they fade, no case of a microtubule break has ever been observed. Nevertheless, it is recommended to reduce the light dose by shuttering if extended recordings of a single micro tubule are planned. A SIT camera is used to record the images.
Rhodamine microtubules can be used to follow the movement of kinesin and dynein
Kinesin or dynein were perfused into a chamber con- structed with two strips of double-sided tape, with a 22 mm coverslip on top. The chamber was then washed once with 10% BSA in BRB80 and left for 3 min. Labeled micro tubules were diluted into the anti-fade buffer in BRB80. These were then washed out leaving those bound to the motor proteins by a rigor state. 1 m M ATP was washed in and the movement of microtubules followed. The results with kinesin are shown in Fig. 2 . No difference was seen in the velocity of microtubule movement when compared with transmitted light techniques, and the observation had no effect on the activity of the motor proteins, since the same area could be followed for at least 20 min. This demonstrates that the polarity-marked rhodamine micro tubules provide a simple and fast way to assay the polarity of new proteins.
